Exosomes are nanoparticles of endocytic origin, secreted by a myriad of cell populations that are attracting increased attention by virtue of their ability to modulate cell-to-cell communications. They are also attracting attention in a variety of immunological issues, including autoimmunity and, in particular, their ability to regulate cytokine and chemokine activation. Primary biliary cirrhosis (PBC) is considered a model autoimmune disease, which has a highly focused cytotoxic response against biliary epithelial cells. We have isolated exosomes from plasma from 29 patients with PBC and 30 healthy controls (HCs), and studied the effect of these exosomes on co-stimulatory molecule expression and cytokine production in mononuclear cell populations using an ex vivo system. We also identified the microRNA (miRNA) populations in PBC compared to HC exosomes. We report herein that although exosomes do not change cytokine production, they do significantly alter co-stimulatory molecule expression on antigen-presenting populations. Further, we demonstrated that CD86 up-regulated expression on CD14 1 monocytes, whereas CD40 up-regulated on CD11c
INTRODUCTION
Exosomes are nanoparticles of endocytic origin secreted by most cells 1 and engage in cell-to-cell communications by conveying cytosolic proteins and RNAs including messenger RNAs (mRNAs) and microRNAs (miRNAs) as their 'cargo' to recipient cells. [1] [2] [3] Exosomes not only maintain homeostasis in normal physiological condition such as transferrin receptor release during reticulocyte maturation 4 and breast milk immunomodulation for infants, 5 but are also involved in disease development including autoimmune diseases. However, the mechanism of how the exosomes participate in the induction and pathogenesis of autoimmune disease still remains unclear. [6] [7] [8] Primary biliary cirrhosis (PBC) is a progressive liver-specific autoimmune disease characterized by chronic non-suppurative destructive cholangitis. 9, 10 The primary autoantigen of PBC has been identified as the E2 subunit of the pyruvate dehydrogenase complex (PDC-E2). [11] [12] [13] [14] [15] Data from human studies and animal models demonstrate that the pathogenesis of PBC involves not only autoreactive T cells and other immune cells [16] [17] [18] [19] [20] [21] [22] but also biliary epithelial cells. 12, 18, 19, [23] [24] [25] [26] [27] [28] [29] [30] Herein, we demonstrate that circulating exosomes from PBC could be taken up by antigenpresenting cells (APCs) and affect the expression of cell surface co-stimulatory molecules. We also demonstrate that circulating exosomes in PBC contain altered patterns of miRNA expression with elevated miRNA-451a and miRNA-642-3p compared to healthy adults. Our results demonstrate that altered circulating exosomes may contribute to the cascade of pathology in PBC.
MATERIALS AND METHODS

Study subjects and peripheral blood mononuclear cell isolation
Patients with PBC (n 5 29), diagnosed according to internationally recognized diagnostic criteria, 31, 32 and healthy controls (HCs) (n 5 30) were enrolled for this study. The clinical characteristics of the subjects are depicted in Table 1 . All subjects provided written informed consent and the study was approved by the Institutional Review Board at the University of California, Davis, prior to the initiation of study. Peripheral blood mononuclear cells (PBMCs) and plasma were isolated from venous blood samples. PBMCs were isolated using Histopaque-1.077 (Sigma-Aldrich, St. Louis, MO, USA) density gradient centrifugation as described previously. 23 The protocol used is illustrated in Figure 1 .
Exosome isolation
Exosomes were isolated using ExoQuick exosome precipitation kit according to the manufacturer's instruction (System Biosciences, Mountain View, CA, USA). Briefly, 500 mL of plasma was pretreated with thrombin at a final concentration of 5 U mL -1 , incubated at room temperature for 5 min, and centrifuged at 10 000 rpm for 5 min to remove fibrin. Serum-like supernatant was mixed with ExoQuick (System Biosciences) and incubated for 30 min at 4 uC. After centrifuging at 1500g for 30 min, the exosome pellet was resuspended in 100 mL of phosphate-buffered saline for further analysis. The ExoQuick isolation method recovered around 100 nm exosomes and expressed CD63 and CD81 as measured using western blotting. The precipitated exosomes were either used for RNA isolation or resuspended in culture medium RPMI for culture with PBMCs. The protein concentration of exosomes was determined using the Bicinchoninic Acid Protein Assay Kit (Thermo Fisher Scientific, Waltham, MA, USA).
Antibodies and flow cytometry
Fluorochrome-conjugated monoclonal antibodies (mAbs) for CD19 (HIB19), CD80 (2D10), CD86 (IT2.2), HLA-DR (LN3), and CD40 (5C3) were purchased from eBioscience (San Diego, CA, USA), and mAb for CD3 (UCHT1), CD11c (Bu15), and CD14 (HCD14) were purchased from BioLegend (San Diego, CA, USA). For exosome uptake experiment, freshly isolated exosomes were labeled with lipophilic fluorochrome PKH-67 (Sigma-Aldrich). 33 Freshly isolated PBMCs were cultured with autologous PKH-67-labeled exosomes at 37 uC for 16 h. The cells were then stained with antibodies for various cell subsets and analyzed by flow cytometry. For the detection of co-stimulatory molecules on APCs, freshly isolated 1 3 10 6 PBMCs were co-cultured with or without 600 mg autologous exosomes for 16 h in 24-well culture plate (Coning Incorporated, Corning, NY, USA). In our preliminary data, we noted that an exosome protein concentration of 500-600 mg mL 21 was sufficient to up-regulate expression of CD86 or HLA-DR on monocytes or dendritic cells (DCs). Therefore, 600 mg autologous exosomes were chosen for our subsequent co-stimulatory molecule expression study. After culture, the cells were stained with antibodies indicated for co-stimulatory molecules and immune cell subsets. The stained PBMCs were then analyzed by flow cytometry. The culture medium used in all the experiments was RPMI-1640 Figure 1 Schematic illustration of the circulating exosome analysis protocol.
Exosomes and primary biliary cirrhosis T Tomiyama et al (GIBCO Invitrogen Life Technologies, Grand Island, NY, USA) supplemented with 10% exosome-free fetal bovine serum (FBS), which was prepared by ultracentrifugation of FBS at 25 000g for 4 h followed by filtration with a 0.22 mm pore size syringe filter.
Assay of in vitro cytokine production by monocyte Monocytes were isolated from PBMCs by positive selection using anti-CD14 microbeads (Miltenyi Biotec, San Diego, CA, USA). The purity of the monocytic population was .95% as assessed by flow cytometry. Aliquots of monocytes (1 3 10 5 / well) were cultured with various concentrations of freshly isolated autologous exosomes for 24-72 h at 5% CO 2 , 37 uC in 96-well culture plates. Cytokine production in the culture supernatants was measured by the human inflammatory cytokine CBA kit (BD Biosciences, San Jose, CA, USA).
RNA isolation and miRNA microarray Total RNA was extracted and purified using mirVana PARISTM (Ambion, Austin, TX, USA) and checked for RNA integrity by an Agilent Bioanalyzer 2100 (Agilent Technologies, Santa Clara, CA, USA). Labeling of miRNA molecular within total RNA was conducted by miRNA complete labeling and Hyb Kit (Agilent Technologies). The levels of miRNAs were measured by Agilent Human miRNA (8 3 60 K) V19.0 microarray (Agilent Technologies). Slides were hybridized with 100 ng Cy3-labeled RNA probes at 55 uC, 20 rpm for 20 h, washed, and scanned according to the manufacturer's instructions. Raw data were normalized by Quantile algorithm, Gene Spring Software 11.0 (Agilent Technologies). In our microarray analysis, a total of 2007 miRNAs were evaluated for both patients and HCs. The miRNAs with a level of 2-fold or larger difference between groups were considered differentially expressed.
Quantitative reverse transcription polymerase chain reaction (RT-qPCR) Exosomal miRNAs were reverse transcribed using MultiScribe Reverse Transcriptase and miRNA-specific primers (Life Technologies, Carlsbad, CA, USA). The miRNAs were quantified by real-time PCR using TaqMan microRNA kits (Life Technologies) and the ABI 7900HT system, according to a standard protocol. The comparative cycle threshold (Ct) was used to evaluate the relative detection level of each miRNA in the sample, which was determined using the 2 2DCt method. According to the results of microarray and TaqMan PCR, miR-1228-3p had a stable transcription level across PBC and healthy subjects with an overall coefficient of variation ,5%. Therefore, miR-1228-3p was used as a normalization gene in this experiment.
Statistical analysis
Two-tailed unpaired Student's t-test and two-tailed paired t-test were used for data analysis, P values ,0.05 were considered statistically significant.
RESULTS
Exosomes uptake by APCs in patients with PBC
First, and for the purposes of control, we compared the ability of exosome uptake by circulating peripheral mononuclear cells in PBC to HCs. As expected, circulating exosomes were taken up efficiently by CD14 1 monocytes, CD11c 1 DCs, and CD19 1 B cells in PBC and HC; in contrast, exosome uptake by CD3 1 T cells was significantly less (Figure 2a) . Importantly, and as expected, there were no significant differences of exosome uptake by various cell subsets that we detected in the PBC compared to the HC group (Figure 2b) .
Exosomes modulate APC's co-stimulatory molecules in PBC versus HC We thence compared the ability of exosomes to alter the phenotype of APCs, including the expression of co-stimulatory molecules CD80, CD86, and CD40, and HLA-DR on CD14 1 monocytes, CD11c
1 DCs, and CD19 1 B cells following culture with or without autologous exosomes. There was no significant effect in the expression of co-stimulatory molecules on monocytes and DCs in the presence or absence of autologous exosomes in HC (Figure 3) . Importantly, however, and in contrast, there were significant differences detected in select co-stimulatory molecules of mononuclear cell subsets following the addition of autologous exosomes in the PBC group. In CD14 1 monocytes, the expression of CD86 was significantly increased, but CD80 and CD40 were decreased after cultured with exosomes. In CD11c 1 DCs, however, the expression of CD40 was significantly increased by exosomes. In addition, although both CD80 and CD86 were down-regulated on both PBC and HC CD19 1 B cells, CD40 expression was decreased only on B cells of patients with PBC ( Figure 3 ). Of note, the expression of HLA-DR was not significantly changed in both group of PBC and HC. For further purposes of control, we analyzed these markers in freshly isolated PBMCs and cultured without addition of exosomes, there were no significant differences of the co-stimulatory molecule expression between the PBC and HC group (Figure 3 and data not shown). These data indicate that autologous exosomes selectively up-regulate costimulatory molecules in different APCs in patients with PBC.
Autologous exosomes did not elicit inflammatory cytokine production by monocytes in PBC We next analyzed cytokine production by CD14 1 monocytes. Essentially, freshly isolated CD14 1 monocytes were co-cultured with autologous exosomes for 24-72 h. The inflammatory cytokines were analyzed by a CBA kit. The levels of interleukin (IL)-6, IL-10, and tumor necrosis factor-alpha (TNF-a) in the culture supernatants were not significant different in CD14
1 monocytes cultured with and without exosomes (data not shown). Hence, the alteration of monocyte function by autologous exosomes likely occurs through changes in the pattern of co-stimulatory molecule expression, not cytokine production.
Exosome miRNA expression patterns
To compare miRNA expression in circulating exosomes, we first screened the expression profile of circulating exosomes using a miRNA expression array. As reflected in Figure 4a and miRNAs significantly down-regulated in the PBC group compared to the HC. To verify this differential expression, we next determined the levels for each of these miRNAs using isolated exosomes from additional groups of patients with PBC and HC using a TaqMan PCR assay for individual miRNAs. We noted that two miRNAs, miRNA-451a and miRNA-642a-3p, were present at significantly higher levels in exosomes from PBC compared to HCs (Figure 4b and c) . Further, we examined whether the levels of these exosomal miRNAs correlated with severity of disease. However, there were no significant differences detected in patients with PBC at earlier versus later stage of disease (Figure 4b and c) , indicating that upregulation of these miRNAs are not dependent on disease severity.
DISCUSSION
Exosomes are secreted intracellular microparticles that induce antigen-specific immune responses and potentially trigger inflammation. Importantly, exosomes from a variety of cell populations can mediate either immune activation or immune suppression based on the individual immunological microenvironment. [34] [35] [36] [37] In autoimmunity, it has also been suggested that exosomes play a role in the chronic inflammatory response and that the cellular origin of exosomes will differentially influence the immune response in autoimmune disease. 6, 38, 39 Our data are important because they emphasize that co-stimulatory molecules play a pivotal role in APC-mediated immune responses, particularly T-cell activation and proliferation. [40] [41] [42] [43] [44] [45] In the study herein, we demonstrate the ability of autologous exosomes to be taken up by peripheral monocytes and DCs. Further, they have the potential to modulate the expression of co-stimulatory molecules on APCs from patients with PBC. Interestingly, as shown in Figure 2 , exosomes significantly increase the expression of CD86 on CD14 1 monocytes, but not on DCs or B cells. In contrast, the expression of CD40 is increased on DCs, but decreased when comparable analysis is performed on B cells in patients with PBC. These data suggest that exosomes regulate distinct co-stimulatory molecules on different APC subpopulations. Further study is necessary to focus on other co-stimulatory molecules, but these results imply that CD40 and CD86 are two key elements in exosome-induced APC activation in the evolution of the immune response in PBC. There are limitations in our data. First, it is unclear what the mechanism of action is that explains the activation of APCs in PBC. One possibility is that circulating exosomes in PBC may have more co-stimulatory molecules and indeed it has been shown that exosomes from activated DCs can have a higher level of expression of co-stimulatory molecules than immature DCs. 46 In chronic inflammatory diseases (including PBC), there are increased levels of activated professional and non-professional APCs and such activated cells have the potential to secrete co-stimulatory moleculeenriched exosomes. When captured by DCs or monocytes, such exosomes could be retained on the surface of APCs and thus reflect increased density. Future efforts should focus on the ontogeny of expression of co-stimulatory molecules in circulating exosomes in patients at different stages of PBC and within a given patient over a longer period of observation. A second limitation is that future studies should focus on the mechanisms in PBC by which exosomes are internalized by phagocytosis or macropinocytosis. 47, 48 Exosomes carry autoantigens as reflected in multiple autoimmune disease. 6, 38 Once exosomes are internalized by DCs, autoantigens can be processed and further activated APCs via up-regulated co-stimulatory molecules. Indeed, we have found that exosomes harbor PDC-E2 (unpublished data), which is the major autoantigen in PBC. In addition, other exosome-carried molecules, such as miRNAs, which are aberrantly expressed in PBC, may also be involved in the regulation of co-stimulatory molecule expression on APCs. 49 One issue is that in vivo, PBMC is constantly exposed to serum exosomes, and if serum exosomes do impose effects on APC functions as suggested by our in vitro data, the co-stimulatory molecule expression should be reflected in freshly isolated PBMCs. However, we did not detect significant difference of these molecules expressed on either peripheral monocytes or DCs between PBC and HC (data now shown), suggesting that circulating exosomes alone in vivo are not sufficient to activate the APCs. We note that the patients studied herein were under treatment with ursodeoxycholic acid, which has the potential to inhibit DC function. 50, 51 To further address this issue, future studies should evaluate the effect of exosomes on co-stimulatory molecule expression in naive patients.
We should note that exosomes can be produced by a variety of cell types. For example, exosomes derived from salivary gland epithelial cells contain the autoantigenic ribonucleoproteins in Sjögren's syndrome. 6 We have previously demonstrated that apoptotic bodies from biliary epithelial cells contained the PBC-specific mitochondrial autoantigens. 26 Hence, within the liver, it is likely that biliary epithelial cells may produce exosomes that are critical for the homeostasis of biliary function 52, 53 and we further hypothesize that exosomes released by damaged bile duct cells may augment this process. Indeed, since circulating exosomes can be internalized efficiently by APC (as shown in Figure 2) , it is likely that such cells are involved in the processing and presentation of autoantigen to autoreactive T cells. In addition, circulating exosomes may also provide the critical MHC-PDC-E2 complex to DCs, leading to the activation of naïve T cells in the pathogenesis of PBC.
Professional APCs, particularly DCs, involved in the coordination of adaptive immune responses, are also regulated by miRNAs. 54 One of our objectives was to investigate whether exosome carried molecule signaling, especially miRNAs, are altered in PBC and whether aberrant signaling is involved in the regulation of APC function. We note that activation of naive DCs by miRNAs up-regulate the expression of surface markers, including MHC II and the co-stimulatory molecules CD80, CD86, and CD40. 55 Deficiency of miRNA-155 in activated DCs significantly decreases DC expression of MHC II, CD40, and CD86, leading to reduced levels of secreted IL- 12p40, IL-12p35, and TNF-a. 49 Our data on identification of 18 miRNAs aberrantly expressed in exosomes of PBC compared to HCs become an important tool for further study. Two miRNAs (miRNA-451a and miRNA-642a-3p) have been validated by using quantitative PCR analysis. miRNA-451a has been demonstrated to regulate DC cytokines in response to influenza infection. 56 In rheumatoid arthritis, miRNA-451a expression in T cells correlates with peripheral IL-6 level, the erythrocyte sedimentation rate and disease severity scores. 57 In addition, miRNA-642a regulates toll-like receptor 4 translation in monocytes. 58 We speculate that differential modulation of co-stimulatory molecules will be found in a variety of autoimmune diseases and will not be disease-specific. We have focused on differential patterns in patients with PBC compared to HC. The field is currently in its infancy and we suggest that multiple other liverspecific autoimmune diseases should be included in future analysis. We further speculate that aberrant expression and/ or function of miRNAs that are modulated by exosomes will influence the qualitative and quantitative nature of the continued immune response and, in particular, the activation of bystander cells. We are aware that in our ex vivo culture system, exosomes only affected the expression of co-stimulatory molecules on APCs; they did not elicit inflammatory cytokines in the culture supernatants. It will be important to assess whether the mRNA level of cytokines and related transcription factors are altered in the exosomes of PBC. Continued work will require functional correlation and, in particular, the clinical hsa-miR-1238-3p hsa-miR-6089 hsa-miR-4433-5p hsa-miR-6090 hsa-miR-6508-5p hsa-miR-3960 hsa-miR-3162-3p hsa-miR-642a-3p
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